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Summary 
Homologous strand exchange is a central step in gen- 
eral genetic recombination. A multiprotein complex 
composed of five purified bacteriophage T4 proteins 
(the products of the UWSX, UVSY, 32,41, and 59 genes) 
that mediates strand exchange under physiologically 
relevant conditions has been reconstituted. One of 
these proteins, the product of the uvsy gene, is re- 
quired for homologous pairing but strongly inhibits 
branch migration catalyzed by UvsX protein, the phage 
RecA analog. Branch migration is completely depen- 
dent on the gene 41 protein, a DNA heiicase that also 
functions in phage replication. The heiicase is deiiv- 
ered to the strand exchange complex by the gene 59 
accessory protein in a strand-specific fashion through 
direct interactions between the gene 59 and gene 32 
proteins. These data suggest that strand transferases 
such as UvsX protein are essential for homologous 
pairing in vivo, but that a DNA heiicase drives polar 
branch migration. 
introduction 
Recombination between homologous DNAs is central to 
many important biological processes, including DNA re- 
pair, yeast mating-type switching, and the proper segrega- 
tion of chromosomes during meiosis. Though recombina- 
tion may occur by several different pathways, most are 
thought to include the exposure of single-stranded DNA 
(ssDNA), which initi?tes the recombination cascade, fol- 
lowed by strand exchange and Holliday junction resolu- 
tion. Strand exchange is a complex process that includes 
at least three kinetically distinguishable steps. The first, 
known as presynapsis, involves the ATP-dependent poly- 
merization of a “strand transferase,” such as the Escheri- 
cia coli RecA protein, along the exposed ssDNA, forming 
a structure known as the presynaptic filament. This inter- 
mediate then binds in a homology-independent fashion 
to the target duplex and begins a remarkable search for 
homology that eventually results in homologous alignment 
of the invading strand with a complementary region of 
the duplex and formation of a joint molecule. This initial 
product is processed to form a Holliday junction (the nature 
of this step may be pathway dependent) that can then 
branch migrate to extend the region of heterodupiex for- 
mation. 
Under certain conditions, the RecA protein (Cox and 
Lehman, 1987; Eggleston and Kowalczykowski, 1991; 
Rota and Cox, 1990) and strand transferases from other 
organisms, such as the bacteriophage T4 UvsX protein 
(Formosa and Alberts, 1986; Hinton and Nossal, 1986; 
Yonesaki and Minigawa, 1985), can mediate all phases 
of strand exchange in vitro in the absence of any other 
proteins. However, many lines of evidence argue that 
strand exchange requires additional factors in vivo. It has 
been known for some time that helix-destabilizing proteins 
such as the E. coli SSB and T4 gene 32 products stimulate 
homologous pairing catalyzed by the RecA and UvsX pro- 
teins in vitro (Cox et al., 1983; Formosa and Alberts, 1986; 
Muniyappa et al., 1984). These factors are thought both to 
protect the exposed ssDNA from nucleolytic degradation 
prior to presynapsis and to stabilize the duplex strand that 
is displaced upon joint molecule formation (Kodadek, 
1990b; Lavery and Kowalczykowski, 1992). However, the 
helix-destabilizing proteins also inhibit binding of RecA or 
UvsX to the invading ssDNA (Kodadek, 1990a; Madiraju 
et al., 1992), so in vitro reactions containing only these 
factors require high concentrations of the strand trans- 
ferase or the appropriate order of addition of the proteins 
to proceed efficiently. Finally, UvsX-gene 32 protein-cat- 
alyzed strand exchange is strongly inhibited in buffers con- 
taining more than 150 mM potassium acetate, even though 
the physiological carboxylate concentration is thought to 
be significantly higher. 
The characterization of other strand exchange acces- 
sory proteins in the T4 system was facilitated by the obser- 
vation of Formosa and Alberts (1984) that several virus- 
encoded proteins bind specifically to UvsX protein affinity 
columns, suggesting that they may also be part of the 
strand exchange machinery. One of these is the UvsY 
protein. T4 mutants lacking a functional UVSY gene have 
phenotypes virtually identical to uvsX mutants, including 
severely depressed recombination frequencies (Conkling 
and Drake, 1984). UvsY protein strongly stimulates UvsX- 
dependent homologous pairing under suboptimal condi- 
tions in which the UvsX and gene 32 proteins alone have 
little or no activity, including physiological salt concentra- 
tions (200-300 mM potassium acetate) or subsaturating 
concentrations of the UvsX protein (Harris and Griffith, 
1989; Morrical and Albert% 1990; Yonesaki et al., 1985). 
UvsY protein accelerates loading of the UvsX protein onto 
gene 32 protein-covered ssDNA (Jiang et al., 1993) and 
stabilizes the normally dynamic UvsX protein-DNA fila- 
ment with respect to subunit loss (Kodadek et al., 1989). 
With regard to the generality of these observations, it 
should be noted that the RecO and RecR gene products 
together exhibit many of the same activities (Umezu et 
al., 1993; Umezu and Kolodner, 1994). For example, they 
strongly stimulate loading of RecA protein onto SSB- 
coated ssDNA. 
We show here that while UvsY is essential for homolo- 
gous pairing under physiological conditions, this acces- 
sory protein strongly inhibits UvsX protein-mediated 
branch migration in vitro. This result prompted us to search 
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for other factors that might reconstitute this phase of 
strand exchange. We report that the T4 replicative DNA 
helicase encoded by gene 41, in concert with the gene 
59 protein, restores robust polar branch migration to the 
UvsX-gene 32-UvsY-catalyzed reaction. The gene 59 
protein is a helicase accessory factor that is shown to load 
the helicase into the strand exchange complex via direct 
interactions with the gene 32 protein. These data implicate 
DNA helicases, rather than strand transferases, as playing 
the major role in the formation of heteroduplex DNA in 
TCinfected ceils. 
Results 
UvsY Protein Inhibits Branch Migration Catalyzed 
by the UvsX Protein 
Protein-mediated strand exchange between homologous 
circular ssDNA and =P-labeled linear double-stranded 
DNA (dsDNA) (Figure 1) is commonly used as an in vitro 
model reaction for strand exchange. As has been shown 
previously (see also Figure 2), both the homologous pair- 
ing and polar branch migration stages of this reaction pro- 
ceed in the presence of the UvsX and gene 32 proteins 
in relatively low ionic strength buffers (110 mM acetate) 
(Formosa and Alberts, 1966; Kodadek et al., 1966). When 
purified UvsY protein was also added to this reaction, a 
striking inhibition of branch migration, but not homologous 
pairing, was observed (Figure 2). After a 10 min incubation 
in the absence of the UvsY protein, the branches in about 
65% of the joint molecules had migrated past the unique 
BamHl site employed to track their progress (located 2220 
bp from the end at which productive pairing occurs). How- 
ever, when the UvsY protein was also included (1 :l molar 
ratio of UvsX:UvsY), less than 5% of the branches had 
reached the BamHl site under the same conditions. At all 
UvsX:UvsY ratiosexamined, thesame result wasobtained 
(Figures 29 and 2C). In each case, however, efficient ho- 
mologous pairing was observed (Figures 2A and 2C), dem- 
onstrating that UvsY or some putative contaminant in 
these preparations did not simply inactivate the UvsX pro- 
tein. Identical results were obtained at avarietyof different 
salt concentrations (from 100-300 mM acetate; data not 
shown), except that at higher acetate concentrations, 
UvsY was essential for homologous pairing. We conclude 
that the biologically relevant three-protein complex (UvsX, 
UvsY, and gp32) mediates only the homologous pairing 
phase of strand exchange. The molecular basis of this 
potent UvsY protein-dependent inhibition of branch mi- 
gration is considered in the Discussion. 
A DNA Helicase Composed of the Gene 41 and Gene 
59 Proteins Drives Branch Migration in the 
Presence of the UvsX, Gene 32, and UsvY Proteins 
The results shown in Figure 2 compelled us to search for 
additional factors that might reconstitute branch migration 
in vitro. The T4 dda protein, one of two DNA helicases 
encoded by T4, has been shown to stimulate UvsX-gene 
32 protein-catalyzed branch migration specifically (Koda- 
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Figure 1. A Model Reaction Employed to Study Homologous Pairing 
and Branch Migration In Vitro 
Ml3 circular ssDNA and linear Wabeled dsDNA are mixed in the 
presence of the appropriate proteins. Homologous pairing (which can 
be monitored by neutral agarose gel electrophoresis; see Figure 2A) 
produces joint molecules that undergo subsequent secondary pairing 
reactions to form large aggregates (data not shown). Branch migration 
can be monitored by removing aliquots from the reaction and treating 
the DNA with BamHl (Kcdadek et al., 1999). If the branch has passed 
the single BamHl site, then one of the labeled strands will escape 
restriction (see Figure 2) and can be detected by denaturing agarose 
gel electrophoresis and autoradiography. The radioactive fragments 
produced are shown by bold lines. 
dek and Alberts, 1967). Therefore, it seemed possible that 
the missing component could be a DNA helicase. How- 
ever, T4 mutants lacking a functional dda protein do not 
have obvious recombination-deficient phenotypes. This 
led us to investigate a potential role for the other T4- 
encoded helicase, the gene 41 protein, in branch migra- 
tion. This is the highly processive DNA helicase that func- 
tions in replication of the phage chromosome (Liu and 
Albert& 1961; Venkatesan et al., 1962). Addition of puri- 
fied gene 41 helicase to the UvsX-gene 32 protein-UvsY- 
catalyzed reaction also did not induce detectable branch 
migration beyond the BamHl site (Figure 3A). A possible 
explanation for this negative result is that the gene 32 
protein is known strongly to inhibit loading of the gene 41 
helicase onto ssDNA (Barry and Alberts, 1994a; Morrical 
et al., 1994). The UvsX protein has also been reported 
to block helicase access (Barry and Alberts, 1994a), and 
between these factors there is enough protein to saturate 
all of the s.sDNA in our strand exchange reactions. Recent 
studies by Barry and Alberts (1994a, 1994b), Spacciapoli 
and Nossal (1994) Yonesaki (1994b), and Morrical et al. 
(1994) have shown that the gene 59 protein is an accessory 
factor that binds to the gene 32 protein and accelerates 
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Figure 2. UvsY Inhibits UvsX-Gene 32 Protein-Mediated Branch Mi- 
gration but Not Homologous Pairing 
Strand exchange reactions of the type shown in Figure 1B (for details 
see Experimental Procedures) were carried out in a relatively low ionic 
strength buffer in which the UvsX-gene 32 protein-mediated strand 
exchange reaction proceeds efficiently. The effect of UvsY protein on 
this activity was assessed. 
(A) Time course of the UvsX-gene 32 protein-catalyzed homologous 
pairing reaction (left). Early in the reaction, a significant proportion of 
the3’-labeledduplex(about60%)wastaken upintoaslower migrating, 
diffused band representing the initial heteroduplex intermediate 
(within 1 min). At later times in the reaction (t = 3 min), all of the 
labeled DNA was incorporated into very large aggregates remaining 
at the gel origin that result from secondary pairing reactions. This is 
characteristic of very efficient pairing activity. When UvsY protein was 
also added at the ratios indicated (right), aggregates were still formed 
efficiently. 
(B) Alkaline gel analysis of the rate of protein-catalyzed branch migra- 
tion. The single Samiil site in the Hpal-linearized duplex DNA was 
2220 bp from the end at which productive pairing occurred initially 
(UvsX-mediated branch migration proceeds with a 5’to 3’polarity with 
respect to the displaced strand). At the times indicated, aliquots of 
the reaction were removed and digested with a large excess of the 
BamHl restriction endonuclease. At early times in the reaction, the 
heteroduplex region had not yet extended beyond the BamHl site, 
and two labeled bands were produced (t = 2 min). At later times (by 
4 min), branch migration had reached the restriction site, and the 
displaced 3Vabeled strand became resistant to BamHl cleavage, pro- 
ducing increasing amounts of a 6407 nt band. When UvsY protein 
was added to the reaction, no branch migration was observed, as 
indicated by the absence of the full-length labeled band (right). 
(C) Densitometric analysis of the data shown in (A) and (B). Percent 
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Figure 3. Addition of the Gene 41 and Gene 59 Proteins to a UvsX- 
Gene 32 Protein-UvsY-Mediated Strand Exchange Reaction Recon- 
stitutes Efficient Branch Migration That Exhibits a 5’ to 3’ Polarity 
(A) Time course of branch migration assays containing the proteins 
indicated. Only when all five proteins (UvsX [Xl, gene 32 product, UvsY 
[Y], gene 41 product, and gene 59 product) were present was branch 
migration observed. In the presence of all five proteins, efficient strand 
exchange was also observed in a high salt buffer (200 mM potassium 
acetate [KOAc]). 
(B) The helicase-dependent branch migration reaction exhibits a 5’to 
3’ polarity with respect to the displaced strand, as evidenced by the 
fact that a longer period of time is required for the branches to reach 
the BamHl site using the &cl-cut substrate than the Hpalcut DNA. 
The branch must travel 3547 and 2220 bp, respectively, from the end 
at which a 5’end would be displaced in order to reach the BamHl site. 
loading of the helicase onto ssDNA complexed with this 
factor. Therefore, we purified the gene 59 protein and also 
assessed its effect on the strand exchange process. 
As shown in Figure 3A, addition of both the gene 59 
and gene 41 proteins to a strand exchange reaction con- 
taining the UvsX, gene 32, and UvsY proteins resulted in 
efficient branch migration through the BamHl site. The 
gene 59 protein alone had no effect, consistent with its 
accessorjl role of introducing the gene 41 protein onto the 
substrate. The five protein-catalyzed reaction was also 
shown to proceed efficiently at physiological (200 mM po- 
tassium acetate) salt concentrations (Figure 3A). This abil- 
ity to proceed in physiological buffers is an important indi- 
cator of a biologically relevant reaction. 
protection denotes the fraction of duplexes that have one strand resis- 
tant to BamHl cleavage, indicating branch migration past this site. 
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The Heiicase-Mediated Branch Migration Reaction 
Exhibits a 5’ to 3’ Polarity 
We next asked whether the heiicase-mediated branch mi- 
gration reaction was polar and, if so, in which direction. 
Like most helicases, the gene 41 protein binds initially to 
regions of ssDNA prior to moving into a duplex region. in 
the joint molecule, the only possible “landing zones” are 
the regions of the invading strand that have not yet paired 
with the double helix and the formerly duplex strand that 
has been displaced upon joint molecule formation. Since 
the gene 41 protein transiocates 5’to 3’with respect to the 
DNA strand to which it binds, productive strand exchange 
mediated by the helicase would seem to require that it 
load onto the displaced strand. To test this prediction, we 
compared the time course of the appearance of BamHi 
resistance in two strand exchange reactions. Both con- 
tained all five T4 proteins and were identical except that, 
in one case, the linear double-stranded substrate was pre- 
pared by restricting Ml3 DNA with the Hpal restriction 
endonuclease and, in the other, by the Mscl endonucie- 
ase. in these substrates, the BamHi reporter sites are 2220 
and 3547 bp, respectively, from the end at which a 5’ tail 
will be created by joint molecule formation (the left end 
as drawn in Figure 3). If the polarity of branch migration 
is 5’to 3’ as predicted, then a longer period of time should 
be required for the branches to pass the BamHl site when 
the Mscl-cut substrate is employed. if branch migration 
proceeds 3’ to 5’, the opposite result will be obtained. As 
shown in Figure 3, approximately 11 min were required 
for 50% of the branches to traverse the 3547 bp to the 
BamHi site in the Mscl-cut substrate, while only about 
4 min were required to obtain the same level of branch 
migration using the Hpai-linearized substrate. The effi- 
ciency of pairing was identical for the Hpai- and Msci-cut 
duplexes (data not shown). This result clearly demon- 
strates the 5’ to 3’ polarity of the five protein-catalyzed 
branch migration reaction and shows that the gene 41 
heiicase binds to the displaced duplex strand with a 5’taii. 
The Gene 41 and Gene 59 Proteins Drive Branch 
Migration in the Absence of the 
Strand Transferase 
To address whether the gene 41-gene 59 protein complex 
has intrinsic branch migration activity in the absence of a 
strand transferase, we exposed preformed, deproteinized 
joint molecules to the gene 41 and gene 59 products in 
the absence of any other proteins. As shown in Figure 4, 
some branch migration past the BamHl site wasobserved. 
Both the gene 41 and gene 59 proteins were required, 
presumably because the helicase alone binds very slowly 
to the relatively short stretch of ssDNA represented by the 
displaced strand (Barry and Aiberts, 1994a). The rate of 
the gene 41-gene 59 protein-mediated branch migration 
reaction observed in Figure 4 was quite rapid, but a much 
smaller percentage of the molecules completed the reac- 
tion than was the case in the full five-protein reaction. This 
is due partly to the fact that the deproteinized joint moie- 
cuies are somewhat unstable and tend to revert to starting 
materials by random branch migration. Approximately half 
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Figure 4. The Gene 41 and Gene 59 Proteins Mediate Strand Ex- 
change in the Absence of Any Other Proteins 
Joint molecules formed by the action of the UvsX and gene 32 proteins 
were deproteinized and exposed to the proteins indicated. Branch 
migration was monitored using the SamHI protection assay(see Exper- 
imental Procedures; see Figure 1). Branch migration past the restric- 
tion site was observed in the presence of both the gene 59 and gene 
41 proteins. The standard (std.) is full-length linear 3’-labeled dsDNA. 
of the joint molecules formed initially survive the deprotein- 
izationlpurification protocol (data not shown), so the maxi- 
mum possible protection in the experiment shown in Fig- 
ure 4 was only about 50%. A second probable contributing 
factor is that in the absence of UvsX and UvsY, the gene 
41 protein has ready access to the invading DNA, which 
in these substrates represents a much larger percentage 
of the ssDNA present in the joint molecule than the dis- 
placed strand and therefore should statistically be the pre- 
ferred site of association. Association of the heiicase with 
the invading strand would not be expected to result in 
productive branch migration. 
To probe the intrinsic branch migration activity of the 
gene 41 and gene 59 proteins in a different way that avoids 
both of the above complications, we added these factors 
to a reaction containing UvsX and the gene 32 protein, 
but lacking UvsY, after allowing homologous pairing to 
proceed to completion (1 min after ATP addition). After 
heiicase addition, the reaction was diluted lO-fold. We 
have shown previously (see also Figure 5) that dilution 
below a critical concentration abolishes UvsX-mediated 
branch migration (Kodadek et al., 1988). Thus, any branch 
migration observed after dilution cannot be due to UvsX 
action. However, the gene 41 protein is an extremely pro- 
cessive DNA heiicase. Dilution subsequent to heiicase 
binding should not have a major effect on branch migration 
driven by this enzyme. As shown in Figure 5, we observed 
robust branch migration in the dilute solution when the 
gene 59 and gene 41 proteins were added just prior to 
f$pe-Mediated Strand Exchange 
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Figure 5. The Highly Processive Gene 41 Protein Mediates Strand 
Exchange in Dilute Solutions 
Strand exchange reactions using Hpal-linearized DNA were con- 
ducted with the UvsX (X) and gene 32 proteins. The gene 41 and 
gene 59 proteins were added 1 min after initiation of pairing (or were 
omitted). The reactions were then diluted 19-fold 1 min later into a 
buffer lacking DNA or protein. Previous work has shown that UvsX- 
mediated branch migration was abolished under these conditions (Ko- 
dadek et al., 1988). In the presence of gene 59 and gene 41 proteins, 
however, robust branch migration was observed following dilution. 
This argues that the highly processive helicase drives the reaction 
and does so in the absence of UvsX action. 
dilution, but no detectable branch migration when they 
were not. While we cannot rule out the possibility that 
UvsX protein is more stably associated with the DNA in 
the presence of the gene 59 and gene 41 proteins, the 
experiments shown in Figure 4 and Figure 5 together ar- 
gue that the DNA helicase is the primary catalyst for polar 
branch migration and that it can function efficiently in the 
absence of UvsX action once homologous pairing is com- 
plete. 
Specific Interactions between the Gene 32 and Gene 
59 Proteins Are Required to Load the Gene 41 
Helicase into the Strand Exchange Complex 
We next probed the mechanism by which the gene 41 
protein is incorporated into the strand exchange complex. 
The gene 59 protein has been shown to have a pro- 
nounced effect on the rate at which the gene 41 helicase 
can load onto gene 32 protein-covered DNA (Barry and 
Albert% 1994a; Morrical et al., 1994). Since the gene 59 
and gene 32 proteins bind specifically to one another, a 
plausible hypothesis is that this protein-protein interaction 
attracts the gene 59-bound gene 41 protein to the joint 
molecule and facilitates its loading. Neither the gene 59 
nor gene 41 protein has been shown to evince a strong 
affinity for the UvsX or UvsY proteins. 
To test this model of gene 32 protein-targeted helicase 
loading, we examined the effect of substituting a C-ter- 
minally truncated derivative called gp32-A for the wild-type 
gene 32 protein. The C-terminal A domain has been found 
to mediate specific interactions with many T4 replication 
and recombination proteins (Jiang et al., 1993; Krassa et 
al., 1991), and S. Morrical (personal communication) has 
discovered recently that a column composed of the puri- 
fied A domain linked covalently to an inert matrix specifi- 
cally retains the gene 59 protein. Since gp32-A has DNA 
binding properties very similar to the intact protein (Spicer 
et al., 1979), but presumably binds gene 59 protein poorly 
or not at all, it was predicted that if gene 59-gene 32 protein 
interactions are important in loading the helicase onto the 
strand exchange intermediate, then homologous pairing, 
but not branch migration, would proceed efficiently in the 
presence of the UvsX, UvsY, gp32-A, gene 59, and gene 
41 proteins. 
The result of this experiment is shown in Figure 6. In the 
absence of UvsY protein, the UvsX and gp32-A proteins 
catalyzed relatively efficient branch migration, demonstra- 
ting that the C-terminal truncation does not compromise 
the ability of the helix-destabilizing protein to support 
strand exchange mediated by UvsX protein. When UvsY 
was added, branch migration was abolished (closed cir- 
cles in Figure 6), as was also the case when wild-type 
protein was employed, but homologous pairing proceeded 
efficiently (data not shown). In sharp contrast with the re- 
sult using the full-length gene 32 protein, however, the 
addition of the gene 59 and gene 41 proteins to a reaction 
containing gp32-A had only a very modest effect on branch 
migration. The gp32-A-supported reaction was four or five 
times slower and less efficient than that observed in the 
presence of the full-length gene 32 protein (compare trian- 
gles and closed squares in Figure 6). This result is consis- 
tent with the idea that the gene 59-gene 41 protein com- 
plex must bind to the gene 32 protein C-terminus to be 
loaded onto the joint molecule. The fact that a weak reac- 
tion was observed in the presence of gp32-A suggests 
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Figure 6. The C-Terminus of the Gene 32 Protern Is Required for Gene 
59 Protein-Mediated Loading of the Gene 41 Helicase into the Strand 
Exchange Complex 
Gp32-A (A), a truncated derivative of the gene 32 protein that lacks 
the C-terminal A domain, blocks gene 59-gene 41 protein-dependent 
rescue of UvsY (Y)-inhibited branch migration, suggesting that the 
helicase cannot be loaded into the complex in the absence of the A 
domain, which is known to bind gene 59 protein. X, UvsX protein; 
wt32, wild-type gene 32 protein. 
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thatthisfragment retainssome modest affinityforthegene 
59 protein. 
Diacusaion 
We have reconstituted a five-protein complex that medi- 
ates strand exchange efficiently in vitro and can function 
under physiologically relevant conditions. A surprising ob- 
servation is that in the context of this “protein machine” 
(Alberts, 1984) the UvsX strand transferase does not cata- 
lyze polar branch migration. Rather, this reaction is com- 
pletely dependent on the gene 41 helicase and the gene 
59 accessory protein. Several pieces of evidence argue 
that the in vitro activity reported in this study accurately 
reflects the mechanism of strand exchange in T4-infected 
cells. First, many of these T4 proteins have been shown 
to interact specifically with one another (Formosa and Al- 
berts, 1984; Formosaetal., 1983; Yonesaki, 1994b). UvsX 
binds the gene 32 and UvsY proteins, UvsY associates 
with the gene 32 protein, and the gene 59 protein binds 
both the gene 32 and gene 41 proteins, suggesting that 
these factors indeed operate in a coordinated fashion. 
Second, mutations in each of these genes, including gene 
41, have been shown to affect the frequency of homolo- 
gous recombination in T4-infected cells (Conkling and 
Drake, 1984; Shah, 1976; Wu et al., 1975; Yonesaki, 
1994a). In particular, the phenotypes of UVSY phage are 
quite similar to those of mutants lacking functional UvsX 
protein, including a very strongly depressed recombina- 
tion frequency. This argues strongly that, in vivo, UvsX 
protein functions poorly or not at all in the absence of UvsY. 
Since UvsY is a relatively abundant protein in T4-infected 
cells (Formosa, 1985) it is very unlikely that the UvsY- 
dependent inhibition of UvsX-mediated branch migration 
that we observe is an artifact of using nonphysiological 
levels of UvsY. Almost no branch migration was observed 
even at a UvsX:UvsY ratio of 4:l (Figure 2). Third, all five 
proteins are required to reconstitute strand exchange un- 
der physiologically relevant conditions in vitro (200 mM 
salt; Figure 3). Deletion of the UvsX, UvsY, or gene 32 
protein cripples homologous pairing (Harris and Griffith, 
1989; Hashimoto and Yonesaki, 1991; Kodadek, 1990b; 
Yonesaki and Minagawa, 1989), while omission of the 
gene 59 or gene 41 product abolishes branch migration. 
We speculate that the basis of the obsewed UvsY- 
dependent inhibition of UvsX-catalyzed branch migration 
is that UvsY protein traps UvsX on the invading strand for 
the duration of the reaction. It is clear that in the absence of 
UvsY, UvsX-ssDNA complexes are dynamic, constantly 
gaining and losing protein subunits in a process loosely 
coupled to ATP hydrolysis, and that this recycling is neces- 
sary for extensive UvsXcatalyzed branch migration (Ko- 
dadek et al., 1988). There are at least two straightforward 
explanations for the recycling requirement. One is that 
dissociation of UvsX from the invading strand allows it to 
polymerize along the displaced strand in a 5’to 3’direction. 
Since the UvsX protein has a weak strand separation activ- 
ity (Kodadek et al., 1988), polymerization of the protein 
through the branch point andsubsequent annealing of the 
invading strand in its wake could result in polar branch 
migration. Alternatively, one could imagine that UvsX- 
mediated branch migration is the equivalent of continued 
intramolecular homologous pairing after formation of the 
joint molecule. In thisview, strand invasion would continue 
until a defect in the UvsX filament was encountered. If the 
filament could disassemble and reform, the process could 
continue, giving apparent branch migration. In the ab 
sence of protein recycling, the filament defects might block 
extensive strand exchange. This is essentially the mecha- 
nism proposed by Menetski et al. (1990) to rationalize cer- 
tain aspects of the strand exchange reaction mediated by 
RecA protein in the presence of ATPr-S. In either case, if 
UvsX-mediated branch migration indeed requires protein 
recycling, then it is not surprising that the UvsY protein 
should inhibit this reaction. 
The available data suggest an elegant mechanism for 
the assembly of the T4 strand exchange complex in which 
the many specific interactions among the T4 recombina- 
tion factors mediate introduction of the helicase specifi- 
cally to the displaced strand once the joint molecule has 
formed. This model is summarized in Figure 7. When the 
UvsX and UvsY proteins become established on the invad- 
ing ssDNA, most or all of the gene 32 protein is removed 
from the DNA (H. Jiang, F. S., and T. K., unpublished 
data), making it available to bind to the displaced strand 
upon homologous pairing. It seems likely that most or all 
of the helix-destabilizing protein is localized to this strand 
in the joint molecule, although this has not been shown 
directly. Once joint molecules have formed, as the experi- 
ments reported here show, the gene 59 and gene 41 pro- 
teins must be incorporated into the complex for extensive 
branch migration to occur. Branch migration mediated by 
the five T4 proteins and translocation of the gene 41 heli- 
case along DNA exhibit the same 5’ to 3’ polarity. This 
demands that the gene 41 protein be localized to the dis- 
placed strand and not the invading strand. In the latter 
case, the helicase would not drive branch migration, but 
would move through the heteroduplex region, possibly 
melting it and reversing the pairing reaction (Kodadek, 
1991). The data point to the C-terminal A domain of the 
gene 32 protein as being the target for gene 59 protein- 
facilitated loading of the helicase. In addition to the experi- 
ment shown in Figure 6, we have found that gp32-A blocks 
access of the gene 59-gene 41 complex to partially duplex 
model substrates, as does the UvsX-UvsY complex. How- 
ever, the helicase functions efficiently on substrates coated 
only with intact gene 32 protein (H. Jiang, F. S., and T. K., 
unpublished data). Given the model in which the UvsX 
and UvsY proteins (which do not bind gene 59 protein) 
are complexed to the invading strand and the gene 32 
protein is bound to the displaced strand (Figure 7) the 
protein binding specificity of the gene 59 adaptor provides 
a simple and elegant mechanism to ensure that the highly 
processive helicase is loaded onto the displaced strand 
and not the invading strand. 
It is interesting to note the many parallels between the 
strand exchange model shown in Figure 7 and the current 
model for assembly of a T4 replication fork (Kreuzer and 
l$l7icaseMediated Strand Exchange 
Gem 41 helicase 
rhivss branch 
i uvix may facilme 
urn&g ofthe 
ulXiA left in its 
Figure 7. A Model for the Architecture and Mechanism of Action of 
the T4 Protein Machine for Strand Transfer 
See text for details. 
Morrical, 1994). In replication, the gene 59 protein func- 
tions to load the gene 41-gene 61 helicase-primase com- 
plex onto the gene 32 protein-covered lagging strand 
(which is analogous to the displaced strand in the strand 
exchange complex) and for this reason is required for effi- 
cient Okazaki fragment synthesis. Since T4 employs ho- 
mologous pairing to prime a large fraction of its DNA rep- 
lication (Mosig, 1963), this parallel is perhaps not so 
surprising. 
Of course, our studies of the T4 system do not speak 
directly to how strand exchange works in other organisms. 
Nonetheless, it is horthwhile to consider the possibility 
that helicase-mediated branch migration is a general phe- 
nomenon in all organisms. This scenario has also been 
suggested by recent studies of the E. coli RuvA and RuvB 
proteins, which together form a complex capable of medi- 
ating branch migration in the absence of RecA (Iwasaki 
et al., 1992; Lloyd and Sharples, 1993; Miller et al., 1993; 
Miiller and West, 1994; Parsons and West, 1993; Shina- 
gawa et al., 1991; Tsaneva et al., 1992, 1993). The RuvB 
protein is a DNA helicase. There are obvious parallels 
between the RuvAB and the gene 59-gene 41 complexes 
in the sense that each is composed of a helicase and an 
adaptor protein. An important difference, however, is that 
the RuvA protein is a structure-specific DNA-binding pro- 
tein that delivers the RuvB helicase to Holliday junctions. 
The adaptor activity of the gene 59 protein functions to 
attract the gene 41 helicase to gene 32 protein-bound 
DNA. In the E. coli system, DNA-protein interactions are 
employed to localize the helicase appropriately, while in 
the T4 system, protein-protein interactions are required. 
The fact that both RecA and the RuvAB complex have 
the ability to mediate branch migration in vitro has led to 
some discussion as to whether these activities may be 
complementary, may oppose one another, or may possibly 
function in different recombination pathways. Our results 
with the T4 system are consistent with a more extreme 
view, which is that the branch migration activity of the 
UvsX protein plays little or no role in phage recombination 
in vivo and is essentially an in vitro artifact observed only 
in the absence of UvsY. It is not yet clear whether this will 
also be the case in the E. coli system, since a complete 
protein machine for strand exchange that functions under 
physiologically relevant conditions has not yet been recon- 
stituted. 
Establishing an appropriate prokaryotic paradigm for 
strand exchange is becoming increasingly important since 
recent findings suggest such a paradigm may be extended 
to eukaryotes as well. The yeast RAD51 protein has been 
shown to be a RecA/UvsX analog (Shinohara et al., 1992). 
Like its prokaryotic counterparts, RAD51 protein will cata- 
lyze strand exchange between homologous ssDNA and 
dsDNA (an activity that is strongly stimulated by RPA, the 
yeast ssDNA-binding protein) (Sung, 1994). RAD51-like 
genes have been found in many eukaryotes, including hu- 
mans (Bezzubova et al., 1993; Haaf et al., 1995; Morita 
et al., 1993; Shinoharaet al., 1993). In addition, the DMCl 
protein involved in meiosis-specific recombination in yeast 
also exhibits strong homology with RecA (Bishop et al., 
1992). Given the results reported here, it is interesting that 
while polar RAD51/RPA-mediated branch migration was 
observed at low ionic strengths, the reaction was ex- 
tremely slow and has not been shown to proceed under 
more physiologically relevant conditions. If the model we 
have presented in Figure 7 is applicable to eukaryotic 
strand exchange, it is likely that some of the many other 
RAD proteins involved in yeast homologous recombina- 
tion may play roles analogous to those of the gene 59, 
gene 41, and UvsY proteins in phage T4 strand exchange. 
Thus, the elucidation of the components and mechanism 
of action of the phage T4 complex for homologous strand 
exchange should greatly facilitate the study of the even 
more complicated recombination complexes found in eu- 
karyotic cells. 
Experimental Procedures 
Proteins and DNAs 
The UvsX (Hinton and Nossal, 1988), UvsY (Kodadek et al., 1989), 
gene 32 (Shamoo et al., 1988), gene 41, and gene 59 (Spacciapoli 
and Nossal, 1994) proteins were purified as described. Gp32-A was 
provided by Dr. D. Giedroc (Texas A&M University). SSB protein was 
purchased from United States Biochemical. Each protein preparation 
was at least 95% pure, as judged from Coomassie blue-stained poly 
acrylamide gels, and free of detectable nuclease activity. Protein con- 
centrations were determined by the Bio-Rad protein assay using bo- 
vine serum albumin (BSA) solutions of known concentrations as 
standards. 
Ml 3 ssDNA was prepared by the method of Yamamoto et al. (1970), 
and Ml3 dsDNA was purified as described by Messing (1983). The 
linear duplex dsDNAswere obtained by digesting the supercoiled DNA 
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with either the Hpal or Mscl restriction endonuclease, followed by 
extraction with phenol-chloroform, ethanol precipitation, and resus- 
pension in TE buffer (10 mM Tris-HCI [pH 7.41, 1 mM EDTA). DNA 
concentrations are reported in terms of nucleotides unless stated oth- 
erwise. 3’-=P-labeled linear duplex DNA was obtained using T4 DNA 
polymerase and [@P]dCTP (Chalberg and Englund, 1960). 
Strsnd Exchange Resctions using 14 Factors 
Unless stated otherwise, the reactions contained 3.1 pM (125 ug/ml) 
UvsX protein, 2.3 pM (75 @ml) gene 32 protein, 3.1 uM (50 uglml) 
UvsY protein, 0.2 uM (5 @ml) gene 59 protein, 0.2 uM (12 &ml) gene 
41 protein, 15.4 uM (5 @ml) Ml3 circular ssDNA, 9.2 uM (3 sglml) 
linear Ml3 dsDNA (3’ end-labeled; specific activity of 1.2 x 10 cpm 
per picomole of dsDNA mdecules), 100 &ml BSA, and 20 pg/ml 
creatine phosphokinase. Except where stated otherwise, Hpalcut 
Ml 3 dsDNAwas employed as the duplex substrate, placing the BamHl 
site 2220 bp from the end at which a B’end would be displaced upon 
joint molecule formation. These components were mixed in a buffer 
composed of 90 mM potassium acetate, 10 mM Tris acetate @H 7.4) 
10 mM magnesium acetate, 10 mM creatine phosphate, and 1 mM 
dithiothreitol. After incubation for 2 min at 37OC, the reactions were 
initiated by addition of ATP to 2 mM. When the gene 41 protein was 
present, GTP was also added to 1 mM. 
To follow homologous pairing, 15 pl aliquots were withdrawn from 
a 50 pl reaction at the timepoints indicated (1, 3, and 5 min after 
addition of ATP) and were quenched by adding N&-EDTA to 20 mM 
and sodium dodecylsulfate (SDS) to 0.5%. The quenched aliquots 
were held at O°C, then loaded onto a 1 .O% agarose gel made with a 
Tris-boric acid-EDTA buffer (TBE), and electrophoresed at 6.5 V/cm 
for approximately 5 hr. The gels were then dried onto DE81 paper 
(Whatman) and the duplex DNA-containing bandsvisualized byautora- 
diography. 
To monitor branch migration, we removed 10 ul aliquots at the time- 
points indicated and added them to a 10 pl solution containing 300 
mM NaCI, 30 mM Tris-HCI (pH 7.4). 25 ug/ml poly(dCTP) (average 
length, 300) and 32 U of the BamHl restriction endonuclease. UvsX- 
mediated branch migration has been shown previously to be blocked 
by the high concentrations of chloride ions and competitor DNA (poly- 
[dATP]). The resulting 20 ul reaction was incubated at 37OC for 1 min. 
Control experiments showed that this period of time was sufficient for 
all of the BamHI-sensitive molecules to be cleaved. The restriction 
digests were then quenched by adding NasEDTA to 20 mM and SDS 
to 0.5%, and the samples were electrophoresed though a 1.2% afka- 
line agarose gel at 1.8 V/cm for 24 hr. After electrophoresis, the gels 
were neutralized by soaking in TBE buffer for 30 min and were dried 
onto DE81 paper, and the labeled strands were visualized by autoradi- 
ography. The appearance of full-length Ml3 strands was taken as 
denoting that the branch in that molecule had proceeded beyond the 
BamHl site, rendering one of the labeled strands refractory to restric- 
tion (Kodadek et al., 1966). 
The dilution experiments were performed in the same manner as 
described above, with the following modifications. The gene 59 and 
gene 41 proteins were added I min after the addition of ATP. This is 
because in the absence of UvsY, the gene 59-gene 41 complex 
strongly inhibits UvsX-mediated homologous pairing (F. S., unpub- 
lished data). By allowing homologous pairing to reach completion, we 
could address the effect of the helicase on branch migration in the 
absence of UvsY. The reaction was diluted 1 O-fokf 1 min later into a 
solution lacking T4 proteins or DNA, but was otherwise identical. The 
branch migration reaction was then monitored as described above. 
Hellcsse-Misted Smnch Migration ot Deproteinixed 
Joint Molecules 
Joint molecules were prepared from Ml3 circular ssDNA and 3’- 
labeled Hpal-linearized dsDNA by UvsX-gene 32 protein-mediated 
pairing exactly as described above. The reactions were altowed to 
proceed for 1 min and then quenched by addition of N&-EDTA and 
SDS. These solutions were then treated with proteinase Kfor 15 min at 
37OC and then extracted with phenol-chloroform and then chloroform. 
The DNA was ethanol precipitated and resuspended in ice-cold TE 
buffer. 
The preformed joint molecules (same specific activity as that used 
in the standard strand exchange reactions) were incubated with the 
proteins indicated in the figure legends for 2 min at 37OC. The reactions 
were then initiated by addition of GTP to 2 mM. The extent of branch 
migration was determined as described above. 
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